When ventricular pacemakers are electrically stimulated at a fast rate, the cessation of the drive is followed by a temporary suppression of automaticity ("overdrive suppression"). The role of the sympathetic system in the regulation of this overdrive suppression was studied and the following results obtained: 1) Hypotension induced during overdrive by amyl nitrite inhalation caused a shortening of the pause which follows the drive. 2) Bilateral resection of the stellate ganglia led to the opposite effect. 3) Maximal stellate ganglion stimulation halved the pause duration. 4) Norepinephrine infusion accelerated the idioventricular rate and shortened the pause. 5) Beta adrenergic blockade decreased the idioventricular rate and prolonged the pause.
SUMMARY
When ventricular pacemakers are electrically stimulated at a fast rate, the cessation of the drive is followed by a temporary suppression of automaticity ("overdrive suppression"). The role of the sympathetic system in the regulation of this overdrive suppression was studied and the following results obtained: 1) Hypotension induced during overdrive by amyl nitrite inhalation caused a shortening of the pause which follows the drive. 2) Bilateral resection of the stellate ganglia led to the opposite effect. 3) Maximal stellate ganglion stimulation halved the pause duration. 4) Norepinephrine infusion accelerated the idioventricular rate and shortened the pause. 5) Beta adrenergic blockade decreased the idioventricular rate and prolonged the pause.
It is concluded that the tonic sympathetic discharge not only controls the basal idioventricular rate but also plays a regulatory role in the suppression of idioventricular automaticity which follows overdrive. This regulatory role can be dissociated from changes in inhibited by the fact that they are driven by the sinus node at a rate faster than their own intrinsic rate ("overdrive suppression").1-3 In the ventricle, this type of inhibition can be readily demonstrated by overdriving the ventricles in the presence of complete atrioventricular block: the end of the overdrive period is followed by a long pause before resumption of spontaneous idioventricular activity.4-7 The phenomenon can also be shown to occur in Purkinje fibers perfused in vitro. 6 8-10 The mechanisms by which overdrive suppresses spontaneous activity have been attributed to the release of acetylcholine in the atrium2 3 and to the activation of an electrogenic sodium pump in the ventricles.10
If these two mechanisms account for the overdrive suppression, there must also be factors which influence the suppression, reinstating ventricular automaticity following overdrive. One of these factors must be changes in sympathetic discharge. When the ventricles are overdriven, the mean arterial blood pressure increased;" this, in turn, should lead to a withdrawal of sympathetic discharge,'2 which may affect the ensuing pause.
With the ventricles inactive during the pause, the blood pressure falls and a reflexly-enhanced sympathetic discharge could accelerate the resumption of intrinsic automaticity. There is little doubt that the sympathetic system affects ventricular pacemakers'3, 14 and there are indications that it can also antagonize the inhibitory action of overdrive." 4 The aim of the present investigation was to analyze qualitatively and quantitatively the role of the neural and humoral influences in overdrive suppression of ventricular'pacemakers.
388C withl the use of heat lamps as needed. The aortic blood pressure was recorded with a Statham pressure transducer (P23AA). Drugs and fluids were administered through a venous catheter. A lead II electrocardiogram wvas recorded on a Sanborn 4-channel (Model 964) recorder. In some experiments, both vagi were transected in the neck. The chest was opened through a midline sternotomy and the heart was supported on a pericardial cradle. One bipolar electrode was sutured to the epicardial surface of the right atrium and two to the surface of the ventricles. The electrode placed on the right ventricular outflow tract was employed for electrically driving the ventricles; the other electrodes were used to record bipolar electrograms. In some experiments, the ventricular rate was recorded by means of a cardiotachometer ( The inhibitory effect of a one minute ventricular drive at a rate of 200 beats/min is shown in figure 1 . The post-drive pause was followed by a progressive increase in idioventricular rate toward the control value. Table 1 compares the effect of overdrive at two different rates in 15 dogs. The average pause duration after 120 beats/min drive was 8.2 and after 240 beats/mim drive was 17.3 sec. Thus, doublinig the driving rate doubled the pause duration. The difference in the pause duration at the two rates was stastically significanet (P < 0.005).
Reflex Sympathetic Enhancement
In 7 dogs the overdrive procedure was repeated during hypotension induced by amyl nitrite inhalation. In figure 2 , the control procedure is shown in the upper panel. In the lower panel, amyl nitrite was inhaled at the arrow and there was an obvious fall in blood pressure during the second half of the In 16 dogs with acute A-V block, the idioventricular rate was 38.1 + 2.6 before and 29.0 ± 1.2 beats/min after the isolation of the stellate ganglia. In two of these dogs the rate remained unaltered; in the other 14, the decrease ranged from 6 to 24 beats/min. The average decrease was 23.9% (P < 0.0025).
The overdrive procedure was carried out before and after stellate ganglia isolation. Figure 3 shows that the isolation of the ganglia resulted in an upward shift of the drive-suppression relationship. Effects of bilateral stellate ganglion isolation on the duration of the pause at several drive rates in one dog. VENTRICULAR OVERDRIVE SUPPRESSION but the effect was generally more pronounced at higher drive rates.
In 11 dogs, the average pause following ventricular drive at 120 beats/min increased by 4.7 ± 1.4 sec after bilateral stellate isolation (+79%, P< 0.025).
Of interest is the fact that the blood pressure increased in some experiments and decreased in others just prior to the termination of the drive. Yet, such changes in blood pressure seemed to be unrelated to the duration of the subsequent pause, unlike the results before the stellate ganglia were isolated.
The average pause following ventricular drive at 240 beats/min was 15.5 ± 2.5 sec and was about the same ( 0.2 see) after bilateral stellate ganglion isolation (P > 0.4). This reflects the fact that the pause increased in 6 dogs and decreased or remained unaltered in 5 dogs. Effect of noradrenaline (norepinephrine) on the duration of the pause. Noradrenaline was infused at a rate of 1.5 ,ug/min/kg. Idioventricular rate increased from 43 beats! min to 56 beats/min with noradrenaline.
Norepinephrine Infusion
The effect of a background increase in the sympathetic neurotransmitter on overdrive suppression was analyzed by intravenous infusion of norepinephrine in 9 dogs following bilateral stellate ganglion isolation. The average control idioventricular rate was 32.1 3.1 and increased by 20.7 6.2 beats/min during norepinephrine infusion (P < 0.005). The ventricles were overdriven before and during norepinephrine infusion and the pause duration compared. The results obtained in one experiment at three driving rates are illustrated in figure 6 . Typically, norepinephrine shortened the pause at all frequencies. However, the effect was more pronounced at more rapid driving rates in agreement with the results obtained with reflex and direct sympathetic stimulation. With a drive of 120 beats/min, the control pause was 12.1 1.9 and decreased by 5.0 + 2.1 sec with norepinephrine infusion (8 dogs, P < 0.025). In one of the 8 dogs, the pause increased instead of decreasing during norepinephrine infusion. With a drive rate of 240 beats/min, the control pause was 14.3 + 2.1 and decreased by 7.6 + 1.3 sec during norepinephrine administration (P < 0.0005).
Beta Adrenergic Blockade
The beta receptors were blocked with propranolol to eliminate adrenergic influences which remained after acute isolation of stellate ganglia (table 3) . The average idioventricular rate was 36 
Discussion
The plan of the discussion is to consider the role of the sympathetic system first on the regulation of idioventricular automaticity and then on the duration of overdrive suppression.
Regulation of Idioventricular Automaticity
The average idioventricular rate found in the present experiments (37.6 beats/min) is similar to that reported for dogs with chronic A-V block. Erlanger and Blackman15 found a rate of 41.8, Roberts and Modell'6 46 + 3.6, and Vassalle, Levine and Stuckey17 44.8 beats/min. The dogs of the latter study were anesthetized in the same manner as in the present experiments and the similarity of the average rates suggests that the acute experimental procedure employed here did not unduly influence the basal idioventricular rate. This impression is strengthened by the effects of bilateral stellate ganglion isolation. As a result of this procedure, the idioventricular rate fell by 9.1 beats/min; with isolation of only the left stellate ganglion the idioventricular rate fell by 4.7 beats/min.7 This suggests that the tonic sympathetic discharge through the two ganglia summates. In another study,16 the mean idioventricular rate fell by some 5 beats/min in 4 animals following adrenalectomy, and in 3 of the 4 animals subsequent bilateral thoracic sympathectomy decreased the rate by an additional 21 beats/min.
The present results are consistent with the view first expressed by Hunt18 that the heart is under control by a tonic sympathetic discharge. In particular, they suggest that sympathetic nerve discharge through the stellate ganglia accounts for about 9 beats/min of the idioventricular rate. In the absence of this factor the idioventricular rate would be reduced by about one-fourth. Also, the increase in idioventricular rate with stimulation of the left stellate ganglion (from 30.9 to 53.1 beats/min) is similar to that of dogs with chronic A-V block Circulation, Volume XLVIII, August 1973 (from 44 to 61 beats/min),l7 considering that in the present experiments both stellate ganglia were isolated and the control rate was lower. The response indicates an unimpaired ability to react to this stimulus.
It is not surprising that ventricular tachyarrhythmias should be encountered in some instances during stellate stimulation since it is generally appreciated that ventricular arrhythmias can be induced by catecholamines.19 A feature which helps distinguish ventricular tachycardias from the normal acceleration induced by sympathetic stimulation or catecholamine administration is that their rate is usually above some 120 beats/min and their onset and cessation are abrupt. 14 The maximal acceleration during norepinephrine infusion was comparable to that obtained with maximal sympathetic stimulation. This suggests that the maximal ventricular response to high frequency sympathetic stimulation may be limited by the flat part of the dose-response curve of norepinephrine rather than by the inability of the sympathetic nerves to release more norepinephrine as the frequency of discharge is increased.
The fall in idioventricular rate induced by propranolol may be due to its ability to block beta receptors. After bilateral stellate isolation, Purkinje fibers still can be affected by catecholamines originating from residual sympathetic nerves, from the adrenal medulla or from local stores. By blocking the beta receptor, propranolol should give some quantitative indication of the influence exerted by these factors. A complicating factor in the evaluation of the results is that a direct action of the drug cannot be entirely ruled out.
Duration of Overdrive Suppression
Overdrive suppression persists after the elimination or marked reductions of sympathetic influences in vivo. This confirms the conclusion that the suppression is not due solely to sympathetic withdrawal. However, the present experiments make it clear that the sympathetic system affects overdrive suppression consistently and in a substantial way. Thus, increasing reflexly the sympathetic discharge by lowering the blood pressure during overdrive shortened the duration of the pause ( fig.  2 ). This shortening presumably resulted from the abolition of reflex sympathetic withdrawal and/or from reflex enhancement of sympathetic discharge. With this maneuver, the control rate was not affected by the nitrite-induced hypotension and, PLIAM ET AL. therefore, the shortening of the pause was certainly not related to a change in control idioventricular rate. A direct action of the nitrite on the ventricular pacemakers is rather unlikely for nitroglycerin fails to accelerate the sinus node after the elimination of the sympathetic innervation.20 In the absence of overdrive, nitrites accelerate the sinus as well as the idioventricular rate through a reflex enhancement of the sympahetic discharge.'3 The lengthening of the pause after bilateral stellate ganglion isolation provides a confirmation for a role of the sympathetic nerve on the duration of the overdrive suppression. It should be noted that, if this happened in most of the runs at 120 beats/min, there were several exceptions with the drive at 240 beats/min. In those animals in which the pause was found to decrease following ganglionectomy, the blood pressure at the end of the drive was generally lower than control. Driving the heart at 200 beats/min or above can result in a lower blood pressure because of a decrease in the time available for ventricular filling. 21' 22 Furthermore, the elimination of the sympathetic outflow from the stellate ganglia may be responsible for the more frequent occurrence of lower blood pressure on fast drive. This effect might be further accentuated by the decrease in venous return following a decrease of venomotor tone after the interruption of the thoracic sympathetic trunks. Since bilateral stellate ganglion isolation does not eliminate entirely the sympathetic nerve pathways to the heart,23-26 the activation of the residual sympathetic innervation by the lower blood pressure may be responsible for the shortening of the pause in some instances of fast drive.
The stimulation of the left stellate ganglion at 20/sec permits the conclusion that with maximal sympathetic stimulation it is possible to halve the duration of the pause after both the 120 and the 240 beats/min drives. This sets the upper limit of the range of control of sympathetic nerves on overdrive suppression.
The results with norepinephrine infusion are similar to those obtained with the stimulation of the stellate ganglion, both qualitatively and quantitatively. Thus, norepinephrine shortened the pause somewhat following overdrive and more so when the drive was faster or the control pause longer. However, there was one important difference between nerve stimulation and norepinephrine administration, namely that the nerve stimulation was begun during the drive (therefore without any change of the spontaneous pre-drive rate) and norepinephrine infusion was begun before the drive (therefore causing an increase in the spontaneous pre-drive rate). The difference is important in that for the same driving rate the percent increment of the rate imposed is less when the control rate is higher (unpublished observations).
In keeping with the results so far discussed, the elimination of the residual sympathetic influences by administration of propranolol led to a marked increase in the pause duration, suggesting that other sources of catecholamines ( 
